pendent risk factor for long-term cardiovascular morbidity and mortality [1] . The development of diabetes posttransplant results from an interplay between the non-modifiable (age, ethnicity and genetic susceptibility) and modifiable (immunosuppressive medications, obesity and electrolyte disturbances) risk factors. Early posttransplant hyperglycemia, i.e. within 1 week after transplant, is also a strong predictor of new-onset diabetes after kidney transplantation with 2.4 times higher risk compared with those without hyperglycemia among adults [2] . In the general population, the 3-year risk of developing diabetes in 86 512 adults with stress hyperglycemia (random glucose >11.1 mmol/L) during a hospital admission is 9.9% (9.2-10.6%) [3] , thereby emphasizing the association of hyperglycemia and diabetes. Despite a strong evidence in adults, hyperglycemia is not often highlighted as a risk factor for diabetes in children.
There is a considerable variation in the reported incidence of diabetes in children after transplantation, and precise estimates are lacking due to small sample sizes, limited follow-up and inconsistent definitions of diabetes [4, 5] . It is important to understand the burden of diabetes in children posttransplant as well as potential modifiable risk factors to plan effective preventive strategies.
Potentially modifiable risk factors such as low levels of magnesium or potassium are also associated with diabetes in the general [6] [7] [8] and adult transplant [9] [10] [11] [12] [13] populations. Electrolyte disorders are quite common in the immediate posttransplant period due to immunosuppression medications such as calcineurin inhibitors (CNI), diuretics and possible renal tubular dysfunction [9] . Although low magnesium is a risk factor for diabetes in adult transplant recipients, the evidence of hypomagnesemia and the risk of hyperglycemia and diabetes in pediatric solid organ transplantation is scarce, whereas the role of hypokalemia has never been evaluated. Given that children are more vulnerable to having electrolyte disturbances than adults, it is important to determine the association of these cations with diabetes.
This study aims to determine the incidence of hyperglycemia and diabetes among children with solid organ transplantation including heart, lung, kidney, liver and multiple organ recipients, and the associated risk with low magnesium and potassium levels.
M A T E R I A L S A N D M E T H O D S

Study design and population
We conducted a single-center, nonconcurrent, cohort study of children from birth to 18 years of age who underwent their first solid organ transplant (liver, heart, lung, kidney and multiple organs) at the Hospital for Sick Children in Toronto, Canada between 1 January 2002 and 31 December 2011. Children with pretransplant diabetes were excluded. Children were followed until the development of hyperglycemia and/or diabetes, transfer to adult care at age 18 years, or 30 June 2012, whichever occurred first. Clinical and laboratory data were retrieved from electronic patient records. The study was approved by the Hospital for Sick Children's Research Ethics Board.
Outcomes assessment
The primary outcome was the development of hyperglycemia or diabetes. Hyperglycemia was defined as random inpatient or outpatient blood glucose levels !11.1 mmol/L (200 mg/ dL) occurring on at least two consecutive days after the first 14 days of transplantation and the second day was considered as the date of the event. We selected glucose levels after 14 days posttransplant since many children receive glucose-containing intravenous fluids that may elevate levels. Average glucose levels were calculated each day when multiple values were available. Diabetes was defined as per the American Diabetes Association criteria as typical symptoms of diabetes with a random blood glucose level !11.1 mmol/L (200 mg/dL), or need for antidiabetic medications persisting beyond the first month after transplantation [14] . In order to reduce misclassification bias, medical records of children with hyperglycemia were reviewed to confirm the development of diabetes and treatment with insulin. No child received oral medications for the treatment of diabetes.
Exposure assessment
Hypomagnesemia and hypokalemia were the main exposure variables of interest and were analyzed as both categorical [serum magnesium level <0.7 mmol/L (1.7 mg/dL) and serum potassium <3.5 mmol/L (3.5 mEq/L), respectively] and continuous (per 0.1 mmol/L decrease) variables. Since magnesium and potassium levels fluctuate in the posttransplant period, we built several models each examining a different exposure metric based on our prior work [13] : time-fixed: mean levels of magnesium or potassium calculated from Day 1 to Day 14 posttransplant; time-varying: all levels of magnesium or potassium from the day of transplant until the event of interest; and the rolling average: mean levels of magnesium or potassium calculated over a 3-month window to determine the risk of diabetes in the next 3 months and this process was continued until the event of interest or end of follow-up [15] .
Covariates
Baseline characteristics included recipient sex, age at transplant and body mass index (BMI; closest BMI available from 60 days prior to until the day of transplant). Additional transplantrelated confounders included the medications from the first day of transplant up to 15 days posttransplant [use of induction therapy, prednisone, CNIs, magnesium and potassium supplements (intravenous or oral), proton pump inhibitors and trough levels of tacrolimus and cyclosporine]. The prednisone schedule and taper varied by the organ transplant (Supplementary data, Table S1 ).
Statistical analysis
Continuous variables were reported using means standard deviations for normally distributed data and median [interquartile range (IQR)] for skewed data. Categorical variables were reported using frequencies and percentages. The MannWhitney U-test was used to compare continuous data and the chi-square or Fisher's exact (if the value in any cell was <5) tests were used for categorical data. Due to data privacy issues, cell
were not exactly reported. Children were followed until the development of hyperglycemia or diabetes or censored at the time of transfer to adult care at age 18 years, or 30 June 2012, whichever occurred first. In each organ group, the incidence rates of hyperglycemia and diabetes (per 100 personyears of follow-up) were calculated. The Kaplan-Meier product limit method was used to graphically assess time to hyperglycemia or diabetes in different organ groups. Univariable and multivariable Cox proportional hazards models were fitted to examine the risk of hyperglycemia or diabetes in each organ group and to determine the independent association of hypomagnesemia or hypokalemia with hyperglycemia or diabetes posttransplant. The covariates in the multivariable model were considered a priori (age at transplant, sex, proton pump inhibitors, and magnesium or potassium supplements). Since almost all children were on prednisone and CNIs, these were not included in the models. Parsimonious models took into account the limited number of outcomes. The proportionality assumption was graphically examined using log-log plots and scaled Schöenfeld residuals. No important departures from the assumptions were observed. As a very few children died after transplant, we did not conduct any competing risk analysis.
Sensitivity analyses were performed to test some of the assumptions in the primary analysis. In the first sensitivity analysis, we determined the incidence of hyperglycemia or diabetes after excluding patients with cystic fibrosis and atypical hemolytic uremic syndrome who are at a high risk of developing diabetes. Second, we defined hyperglycemia or diabetes after 1 month of transplantation based on a recent consensus statement that suggests defining hyperglycemia or diabetes when the recipient is on a stable immunosuppression [16] . Finally, the definition of hyperglycemia was taken as random blood glucose levels !11.1 mmol/L on three consecutive days to reduce the likelihood of misclassifying the outcome. All analyses were performed using Stata/SE 13.0 (StataCorp, College Station, TX, USA). A two-sided P < 0.05 was considered statistically significant.
R E S U L T S
Of the 451 children included (57.4% boys), the majority received a liver (32.6%) transplant, followed by the kidney (32.1%) and heart (28.4%) transplants. In all, 66 (44.8%) kidney and 9 (6.1%) liver transplants recipients received a living donor organ. Table 1 displays the baseline characteristics of the recipients, both overall and across all organ groups. The median age at transplantation for the study cohort was 8.3 (IQR 1.3-14.1) years, with multiple organ recipients being the youngest (median 1.5 years; IQR 1.2-3) and those with kidney transplants being the oldest (median 13.3 years; IQR 8.3-15.6). In recent years, initial immunosuppression with prednisone, mycophenolate and tacrolimus were commonly prescribed across all organ groups except in the liver and heart recipients. The liver recipients received a dual immunosuppression protocol comprising of tacrolimus and prednisone followed by discontinuation of prednisone at 3 months after transplant and a majority of heart recipients received tacrolimus, mycophenolate and prednisone only for the first 5 days of transplant. The median follow-up after transplantation across all organ groups was 3.2 (IQR 1.4-5.9) years. The most common indication for transplantation across all organ groups was congenital/genetic diseases (Supplementary data, Table S2 ). Liver/kidney, liver/gut/pancreas, liver/gut and liver/pancreas were the common combinations in multiple organ transplant recipients. 
Rejection episodes
There were 190 episodes of rejections among 451 children overall. Among the entire cohort, the median number of days to rejection after transplantation was 49 . Among those with hyperglycemia, 22 (32.8%) children had at least one episode of rejection prior to developing hyperglycemia. Lung recipients (eight) had the highest number of rejections followed by kidney (six), heart (five), liver (three) and multiple organ (zero) recipients prior to developing hyperglycemia.
Incidence of hyperglycemia and diabetes
During 1526 person-years at risk, 67 (14.8%) recipients met the study criteria for posttransplant hyperglycemia, and only 27 (6%) progressed to diabetes ( Table 2) . Hyperglycemia developed within a month after liver (median 26 days; IQR 18-422) and multiple organ transplantations (median 28 days; IQR 23-61), while occurring much later in heart transplant recipients (median 224.5 days; IQR 42-872). Among the 27 children with posttransplant diabetes, the majority 16 (59.2%) remained on insulin for at least 1 year or longer.
The incidence rate of hyperglycemia was lowest in the heart transplant recipients (2.9 per 100 person-years) and highest in the lung (25.2 per 100 person-years) and multiple organ (13.6 per 100 person-years) transplant recipients. Figure 1 shows the Kaplan-Meier failure curves for the risk of hyperglycemia across all organ groups. The unadjusted Cox proportional hazards model revealed that the highest risk of developing hyperglycemia occurred in the multiple organ transplant recipients [hazard ratio (HR) 6.4; 95% confidence interval (CI) 2.4-17.5] followed by lung transplant (HR 4.3; 95% CI 2.0-9.4) compared with the kidney transplant. After adjusting for age at transplantation and sex, multiple organ and lung transplant recipients had 9 and 4.2 times higher risks of developing hyperglycemia compared with kidney transplant recipients, respectively. The results were consistent with the outcome of diabetes in lung transplant recipients (Table 2) .
After adjusting for age at transplantation, sex and presence of rejection prior to the event of interest, multiple organ recipients had 13.8 times (95% CI 4.7-40.9) higher risk of developing hyperglycemia compared with kidney transplant recipients. Interestingly, the effect in lung transplant recipients reduced to 0.9 (95% CI 0.4-2.1). For the outcome of diabetes, the relative hazard among lung transplant recipients was 1.3 (95% CI 0.5-3.9) after adjusting for confounders. (Supplementary data, Table S3 ).
After excluding patients with cystic fibrosis, the risk of hyperglycemia remained similar in most organ groups; however, in lung transplant recipients, the risk of hyperglycemia decreased to 1.3 (95% CI 0.3-5.5) after adjusting for other covariates (Supplementary data, Table S4 ). The incident rate (IR) of hyperglycemia did not differ in kidney transplant recipients after excluding those with atypical hemolytic uremic syndrome (IR 4.2 per 100 person-years compared with an overall incident rate 4.4 per 100 person-years) (Supplementary data, Table S5 ). After including individuals who developed hyperglycemia or diabetes on or after 30 days posttransplant, the incidence rate was lower, with now only 45 children having hyperglycemia; however, there was not a significant change in point estimates (Supplementary data, Table S6 ).
Association of cations with hyperglycemia and diabetes
The levels of magnesium and potassium were equally distributed among all organ recipients with no predilection to one organ excluding the effect of primary disease. The results I n c i d e n c e a n d r i s k f a c t o r s o f d i a b e t e s of the time-fixed, time-varying and rolling average cation levels and association with outcomes are shown in Table 3 . Every 0.1 mmol/L decrease in magnesium level was associated with a significantly decreased risk of hyperglycemia across all models and was statistically significant in the time-varying (HR 0.7; 95% CI 0.6-0.8) and rolling average (HR 0.6; 95% CI 0.5-0.7) models after adjusting for other clinically significant covariates. The results were similar when magnesium was analyzed as a categorical variable. On analyzing the outcome of diabetes, the association significantly attenuated and was no longer significant. With every 0.1 mmol/L decrease in potassium levels, the unadjusted time varying (HR 1.1; 95% CI 1.0-1.1) and rolling average (HR 1.1; 95% CI 1.1-1.2) models demonstrated an increased risk of hyperglycemia ( Table 3 ). The results were consistent after adjusting for other covariates. On analyzing potassium as a categorical variable, an increased risk of hyperglycemia was noticed only in the time-varying model. The analysis with diabetes as the endpoint showed little or no effect of hypokalemia across all models. Similar results to the primary models were obtained in the sensitivity analysis when stricter definitions of hyperglycemia were used with random glucose levels !11.1 mmol/ L after 14 days of transplant on three consecutive days (Supplementary data, Table S7 ).
D I S C U S S I O N
Despite improvements in the survival of children after transplantation, there is still significant risk of developing chronic diseases, especially as children age. New-onset diabetes is a serious complication after transplantation and is associated with poor long-term graft and patient survival in adults [1] . Our study demonstrates that among transplant recipients under the age of 18 years, the absolute incidence of hyperglycemia and diabetes is 15 and 6%, respectively, with a median onset of 52 days after transplantation. Children with lung transplantation are at 4 times higher risk of developing hyperglycemia or diabetes compared with kidney transplant recipients, with similar risk in liver and heart transplant recipients. The increased risk is primarily among children with cystic fibrosis. We also demonstrate no significant association of hypomagnesemia and hypokalemia with development of hyperglycemia or diabetes in children.
The risk of posttransplant hyperglycemia is the strongest predictor for future development of diabetes as it may indicate pancreatic b-cell dysfunction [2] . Hence, it is imperative to screen for early posttransplant hyperglycemia but also to provide appropriate treatment to prevent the future risk of diabetes, as recently shown by a proof-of-concept clinical trial [17] . In the trial, adult kidney transplant recipients who received isophane insulin for blood glucose of !140 mg/dL (7.7 mmol/L) in the immediate postoperative period had 73% lower odds of developing diabetes throughout the follow-up as compared with those who received either short-acting insulin and/or oral hypoglycemic drugs for blood glucose !180-250 mg/dL (9.9-13.8 mmol/L). In our study, all the children that developed diabetes had evidence of hyperglycemia within the first 2 months from transplantation, which highlights the importance of screening during this critical period posttransplantation as it may identify individuals who are at risk of diabetes and warrant further work-up during the first-year posttransplant, especially in the lung recipients.
The proportion of children developing hyperglycemia or diabetes in our study is similar to previously reported rates; however, we are now able to provide a more precise estimate for patients and families. Previous reports widely differed with ranges from 3% to 20% in kidney [5, 18] , 1.9-17.2% in liver [19] [20] [21] [22] , 4% in heart [23] and 38% in lung [24] pediatric transplant recipients. This large variation in the reported incidence is likely due to lack of standardized definitions of diabetes, and short follow-up or cross-sectional designs [5, 25] . The higher risk in lung transplant recipients of diabetes is consistent with earlier reports [26] , and is likely due to the increased risk of diabetes from cystic fibrosis, the most common indication for lung transplantation. The lower risk in heart transplant recipients may reflect the lower burden of immunosuppression compared with other organ groups.
The role of hypomagnesemia as a potentially modifiable risk factor in the pathogenesis of diabetes has recently been investigated in adult liver and kidney transplant recipients but the results have been far from conclusive. A recent randomized controlled trial of magnesium supplementation in renal transplant recipients to prevent diabetes did not show a clear benefit [12] . A major limitation of prior observational studies on the relationship between hypomagnesemia and diabetes is that the time-varying nature of magnesium after transplantation was not considered. Except for one study [13] , typically, levels were taken at a fixed time point (e.g. 1-month posttransplant) to predict the future development of diabetes. Recently, a study on 173 pediatric renal transplant recipients showed a significant association of 30-day moving average magnesium levels with diabetes (HR 4.6; 95% CI 1.4-14.6) [27] . However, the cohort was limited to kidney transplant recipients and the data on magnesium supplementation were not provided. Despite using robust analytical techniques, we found an inverse relationship with hyperglycemia and found no association with diabetes in children. Possible reasons explaining the modest protective association with hypomagnesemia could be related to the close monitoring and frequent electrolyte supplementation for magnesium (75% of children studied) and potassium (59% of children studied) early after transplantation in our pediatric cohort. This likely resulted in adequate magnesium and potassium body stores, which further prevented lowering of magnesium and potassium levels to be able to detect an association. Similarly, hypokalemia has been linked with diabetes in the general population both with [28] and without [29] diuretics use. In our cohort, there was an increased risk of hyperglycemia with decreasing levels of potassium but the results were not consistent due to the lack of power.
The strengths of our study include a relatively large pediatric transplant cohort with a considerable posttransplant follow-up and use of a standard definition of diabetes across all solid organ groups. Using a more conservative definition of hyperglycemia for three consecutive days compared with 2 days, did not change the results. Moreover, it improved precision compared with other studies using only a single elevated glucose level [30, 31] . We also took into consideration multiple repeated measurements of both magnesium and potassium, commonly not considered in other studies.
There are some limitations of our study that deserve note. Given the low incidence of diabetes in our cohort, we were underpowered to demonstrate a significant association of magnesium and potassium with hyperglycemia or diabetes. In addition, some children on prolonged parenteral nutrition could be at an increased risk of hyperglycemia that was not captured. Similarly, with a small number of events, we could not adjust for other potential risk factors, such as graft rejection, family history of diabetes, pretransplant use of diabetogenic medications, pretransplant magnesium levels and medications data beyond 2 weeks posttransplant, which could potentially be associated with diabetes after transplant. Although we did include pancreatic transplant recipients who are at a higher risk of diabetes, there were only two children in the entire cohort. Results from a single center also limit the generalizability of our findings. Despite these limitations, the findings demonstrate the risk of an important comorbid condition that impacts survival and quality of life of children after transplantation.
In summary, the overall incidence of hyperglycemia and diabetes in children after transplantation is relatively low; however, lung and multi-organ recipients are at greatest risk. Both hyperglycemia and diabetes develop quite early in children after transplantation, emphasizing the need for routine monitoring after transplant and considering closer screening for those with hyperglycemia. Future studies are needed to understand the risk as children age into adulthood and the effect on graft and patient survival.
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